(From the Department of Zoology, Edinburgh University, Edinburgh, Scotland)
(Received for publication 30 April 1974) A secondary (20) 1 or anamnestic antibody response differs from the primary (1 °) response, and may be identified by some or all of the following characteristics: a reduced or absent lag period before the appearance of autibody-forming cells (AFC); an earlier and higher peak of AFC and circulating antibody (often of higher affinity); an early bias towards the synthesis of 7S antibodies (1) .
Using these criteria, it has been demonstrated that priming for a 2 ° response to sheep erythrocytes (SRBC) in mice occurs during a 4-5 day period after immunization (2, 3) . For other antigens, the development of memory may be a longer process (1, 4) and the long-term persistence of antigen may be an important requirement, as it may also be for the maintenance of memory (5) . At a cellular level, preparation for a 2 ° response includes the generation of primed IgM and IgG AFC precursors (2, 6) , together with a helper T-lymphocyte population (7) . The X-Y-Z scheme of immune cell maturation (8, 9) was devised to account for the relationships between unprimed lymphocytes, memory cells, and AFC. However, this scheme was formulated before the separate but cooperative roles of T and B lymphocytes in humoral responses became apparent. There is also the further problem of whether IgG-secreting cells in the 1 ° or 2 ° response are derived from unique precursors, or from a line which gives rise to IgM-secreting cells (10) . Despite more recent attempts to interpret the X-Y-Z scheme in terms of IgM-and IgG-secreting populations (2), the relationships which primed B and T cells bear to each other and to unstimulated cells are largely unknown.
The following experiments were designed to study the kinetics of the generation of primed IgM and IgG precursors, and of the helper T-cell poulation, by first halting the development of 1 ° responses in mice to SRBC at various times. The degree of priming in separate cell lines which had occurred before the 1 ° re-Measurement of DNA Synthesis.--DNA synthesis was measured by the uptake of [125I]5-iodo-2'-deoxyuridine ([125I]UdR; Radiochemical Centre, Amersham, England) in mice which had been injected 1 h previously with 5 X 10 -s tool of 5-fluorodeoxyuridine (F-UdR; Roche Products Ltd., London) in 0.2 ml saline i.p. (11, 12) . [125I]UdR was adjusted immediately before use to an activity of 5 ttCi/ml and a concentration of 1 #g/ml by addition of unlabeled I-UdR. Mice were injected with 0.2 ml of this solution i.p., and 2 h later were killed so that the lymphoid tissues to be assayed could be removed for fixation and washing in 70% ethanol (13, 14) . Tissues were counted for 2 min in a Packard Autogamma spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.), and the uptake of [125I]UdR into each expressed as a proportion of the injected activity, according to the formula: uptake = lOgl0 (sample cpm X 106/injected cpm).
Hemolytic Plaque Assay.--A modification (15) of the hemolytic plaque assay of Jerne et al. (16) was employed. Agarose (L'Industrie Biologique Francaise, Gennevilliers, France) was made up in the phosphate-buffered medium of Mishell and Dutton (17) for both top and bottom layers, and IgG PFC were detected by the inclusion of a rabbit antimouse immunoglobnlin antiserum in the top layer. The developing constant of this antiserum was 1.70 and the inhibition constant 0.88 at the dilution used. Results were expressed as log10 PFC/spleen, and groups were compared by means of the Student's t test.
Immunosuppression.--Anti-SRBC antiserum was raised in C3H mice by two i.p. injections of 5 X 10 s SRBC given 3 wk apart. The mice were bled out 7 days after the second injection and the serum so obtained was found to have a log2 2-mercaptoethanol resistant hemagglutination titer of 15.0.1 ml of this pooled preparation was injected intravenously (i.v.). Cyclophosphamide monohydrate (CP; Koch-Light Laboratories Ltd., Colnbrook, England) was administered i.p. at a dose of 150 mg/kg body weight.
Irradiation.--Whole-body X irradiation was administered with a Westinghouse machine (Westinghouse Electric Corp., Pittsbourgh, Pa.) under the following conditions: 230 kV; 15 mA; 0.5 mm Cu, and 1.0 mm A1 filtration; 66 R/min. Mice were restrained in polystyrene boxes 75 cm from the source and exposed to a total of 900 R.
Anti-O Serum.--An anti-0 C3H serum (18) was prepared in AKR mice by four weekly injections of 107 CBA thymus cells with 2 X 109 Bordetella pertussis organisms in a total volume of 0.2 ml i.p. The activity of the serum was confirmed by incubation of 106 C3H spleen or lymph node cells in 0.1 ml Hank's balanced salt solution (HBSS) at 37°C for 45 min, with addition of 0.1 ml of a 1:8 dilution of the antiserum and 0.05 ml guinea pig complement. The complement, anti-0 serum, and normal AKR serum for control tubes were previously absorbed twice with C3H erythrocytes. Viable counts in nigrosin after incubations showed that the anti-0 serum had killed 40% of the spleen cells and 75% of the lymph node cells, while the mortality in normal AKR serum and complement was 5% and 11% respectively for the two cell suspensions.
For the preparation of primed B cells, 10 s spleen cells from mice which had been immunized 8 days previously with 5 X 108 SRBC were suspended in 5 ml HBSS. They were then incubated at 37°C for 1 h with 0.2 ml anti-0 serum and 0.5 ml complement. The viable cell yield after incubation was 50-55% of the original cell count, while in control tubes with normal AKR serum it was 75-89%.
Primed T Lymphocytes.--Mice which had received 900 R whole-body X irradiation were injected iv with 108 syngeneic thymocytes. 1 day later, these animals were immunized with an i.p. injection of 108 SRBC and after a further 6 days, spleen cells (82% 0-bearing cells, by cytotoxicity) were havested.
RESULTS
Immunosuppression of the 1 ° Response to SRBC.--For this study, mice were primed with either 5 X l0 s or 5 X 10 ~ SRBC injected i.p. Fig. 1 illustrates the development of 1 ° IgM and IgG PFC responses following immunization with these doses of antigen, and shows that for both groups the IgM response peaked on day 5. Both responses were dose-dependent. Groups of mice which had received a single i.p. injection of 5 X 10 s SRBC were also treated with CP and anti-SRBC antibody from day 0-5 after antigen, and their spleens assayed for DNA synthesis and the development of PFC (Tables I and II) . Administration of CP and antibody from 0-2 days after antigen reduced the day 3 DNA synthesis to background levels, and the day 6 PFC response to less than 100 IgM and virtually no IgG PFC per spleen. The PFC response was also completely suppressed when these agents were given 3 days after antigen, while if injected on day 4 or 5, they reduced the IgM response 10-fold and the IgG response 35-fold. Each result is the mean from observations on eight mice. * Background is the I-UdR uptake in normal unimmunized spleens. Each result is the mean from observations on six mice.
Experimental Scheme to Assess the Kinetics of Memory
Generation.--Mice were injected with 5 X l0 s or 5 X 105 SRBC i.p. in 0.3 ml saline. On days 0 (30 rain), 1, 2, 3, 4, 5, 7, 10, or 15 after antigen, groups of these animals were treated with CP and anti-SRBC antibody. These agents were chosen to partially remove antigenic stimulus (2, 19) , and to kill, or halt division of, activated T and B lymphocytes (20, 21) . Control groups received either antigen (control 2 ° response) or immunosuppressants (control 1 ° response) alone. 12 wk after priming, all animals were challenged with 5 X 108 SRBC and the degree of priming which had occurred was measured by the size of their 2 ° IgM and IgG PFC responses 3 days later. The 12-wk interval was chosen to allow decay of 1 ° antibody to levels at which it would not affect the course of a 2 ° response (22) . All results represent the pooled data for 10-15 mice.
Memory responses in mice primed with 5 X 108 SRBC, and illustrate the kinetics of IgM and IgG memory generation. It can be seen (Fig. 2 ) that an enhanced 2 ° IgM PFC response (P < 0.01) was observed in animals to which immunosuppressants were administered 30 min (day 0) after priming antigen, or after 4 or 7 days (P < 0.01 and < 0.05 respectively). For the group suppressed on day 0 this represented a fivefold increase in PFC over the control 2 ° response. The 2 ° IgM response was normal following blockade of the 1 ° response on days 1 or 3, but was significantly lowered in those animals whose 1 ° response had been blocked 2 days after antigen, (P < 0.05). Longer intervals of 10 or 15 days between priming and blockade resulted in 2 ° IgM responses which did not differ from the control level.
These results suggested that IgM priming occurred very rapidly after administration of antigen, but that primed cells then became involved in the development of the 1 ° response. This was reflected in the decrease in IgM memory to normal or subnormal levels when the 1 ° response was blocked on days 1 or 2. By days 3-4, IgM memory cells were less actively involved in the 1 ° response and were thus no longer subject to assassination by CP. The capacity to express memory then decreased over the next 11 days, an observation which is further considered in the discussion.
In contrast to these observations, no IgG memory was expressed if the 1 ° response was halted on days 0-3 after priming (Fig. 3) . When it was halted on day 4 a definite but significantly reduced 2 ° response was seen (P < 0.05). The capacity to produce a 2 ° IgG PFC response was therefore not fully developed until 7 days after priming. This might be explained either by a failure of IgG Bmemory cells to develop until 4 days after a 1 ° injection of SRBC, or by a delay in the development of helper T-memory cells until day 4, or by a combination of the two.
Memory Generation Following 5 X 10 5 SRBC i.p.--Figs. 4 and 5 illustrate the kinetics of the generation of IgM and IgG memory following priming with 5 X 10 5 SRBC. It was foundthat the capacity to give an enhanced 2 ° IgM PFC response on challenge arose as rapidly after 5 X 10 5 as after 5 X l0 s SRBC (Fig.  4) , but that there was no subsequent reduction of the response in mice in which the 1 ° response was halted on days 1 or 2 after antigen. As the splenic 1 ° IgM response to 5 X 10 5 SRBC was substantially less than that produced by the higher antigenic dose (Fig. 1) , it seems probable that the lower dose was insufficient to recruit many primed cells into the 1 ° antibody response, Blockade of the 1 ° response between 5 and 15 days after priming did not result in a significantly enhanced response after challenge. The ability to give an enhanced 2 ° IgM response was thus lost during the latter stages of the 1 ° response to both antigen doses.
In mice primed with 5 X 10 5 SRBC, no expression of IgG memory was found when the 1 ° response was halted on days 0-3, but the 2 ° IgG response was fully developed in all other groups (Fig. 5) . In this respect, the development of memory followed a very similar pattern to that seen after priming with 5 X 108 SRBC, and again suggested that at least one of the primed populations required for the production of 2 ° IgG PFC had not developed before day 4 after priming. This resulted, in both experiments, in 2 ° IgG responses which were lower than the normal day 3 levels of 1 ° IgG PFC. Table III , together with the results. Five times more normal thymocytes than primed T cells were injected into recipient animals in order to reduce the difference in the numbers of potential helper cells in each population (23) . 18 h after the cell transfers, all animals were injected i.p. with 107 SRBC and 4 days later the PFC response in each spleen was assayed.
Priming of B and T lymphocytes by SRBC.--Experiments
It was found that primed T and B lymphocytes together (group 1) gave higher IgM (P < 0.01) and IgG (P < 0.001) responses than did normal cells (group 8) , and that the IgG response in group 1 was also higher than those in groups which combined normal and primed cells (groups 4 and 6; P < 0.01 and < 0.001 respectively). Small responses were seen in recipients of primed or normal B cells only, while primed T cells alone or normal thymocytes alone gave very few PFC. These results thus confirmed the presence of primed T lymphocytes after exposure to SRBC, and IgG B-memory cells in the anti-8-treated spleens of SRBC-injected mice.
IgG B-Memory Cell Generation Following 5 >( 105 SRBC i.p.--Groups of mice
were injected with 5 )< 105 SRBC i.p. At intervals of 0 (30 min), 1, 2, 3, 4, or 7 days after antigen, the developing 1 ° response was blocked by administration of CP and anti-SRBC antiserum. Control groups received 5 X 10 5 SRBC or CP and antibody alone. After 12 wk, 10 7 T cells, primed 6 days previously with SRBC, were injected i.v. into half of those mice whose 1 ° responses had been arrested on days 0-3, and into half of each control group. They were also injected into a further control groups of X-irradiated normal mice. After 18 h all animals were challenged i.p. with 5 X 10 8 SRBC, and 3 days later their IgM and IgG PFC responses were assayed (Figs. 6, 7) .
The presence of primed T cells had no effect on the expression of IgM memory in either the experimental or control groups ( Fig. 6; compare Fig. 4) . In addition, primed T cells were unable to improve the expression of IgG memory in those groups where blockade with CP and antibody resulted in a deficient 2 ° response. (Fig. 7) . These findings suggested that IgG B-memory cells had not developed before day 4 of the 1 ° response, and that, in these experiments, the low levels of IgG PFC precursor cells was a limiting factor in the expression of a 2 ° IgG response.
TABLE III Immunological Activity of SRBC-Primed T and B Lymphocytes in Syngeneic X-Irradiated Recipients
Helper T-Memory Cell Generation Following 5 X 10 5 SRBC i.p.--The same immunization and suppression regimes were used as in the previous section. After 12 wk, 2 X 10 7 SRBC primed anti-0-treated spleen cells (B cells) were injected into half of the mice whose 1 ° response had been blocked on days 0-3 half of the control groups, and a group of X-irradiated normal mice. 18 h later the mice were challenged as before and the PFC in the spleens were assayed after a further 3 days (Figs. 8, 9 ).
The presence of SRBC-primed B cells did not alter the expression of IgM memory in any group, although they did produce a substantial number of IgM PFC in the X-irradiated controls (Fig. 8) . On the other hand, primed B cells had a pronounced effect on the expression of IgG memory in mice whose 1 ° response had been halted on day 3 (Fig. 9) , raising the number of PFC to almost control levels. There was no effect on control 1 ° and 2 ° IgG responses, and the number of IgG PFC in the X-irradiated controls was very small. The restoration of the 2 ° IgG response in mice whose 1 ° response had been blocked on day 3 suggested that a helper T-memory cell population had developed by day 3, and was therefore present in advance of the appearance of IgG B-memory cells. SRBC (8, 2, 24 ). This step occurred without cell proliferation, and at a rate which was independent of the priming dose. However, the amount of available antigen did influence subsequent proliferation in the IgM Y-cell compartment before maturation to 1 ° Z cells, and thus controlled the size of the 1 ° PFC response.
The IgM Y cells were potentially long-lived lymphocytes, but since they did not take part in the normal 12 wk 2 ° response, it follows that in unsuppressed mice they were exhausted during the 1 ° response itself or during the interval before challenge. The Y-cell population was numerically stable however, during the first 4 days after priming. For instance, administration of CP and antibody on days 1, 2, or 3 after priming with 5 X l0 s SRBC, resulted in a normal or slightly depressed 2 ° IgM response which indicated the complete loss of IgM Y cells in these animals. This presumably meant that IgM Y cells were dividing during this period, but not so as to increase the total population, since maximum priming was achieved during the first 24 h and was not surpassed at 4 days when this proliferative phase ceased (Fig. 2) . Therefore, between days 1 and 3 of a normal 1 ° response to SRBC, the Y population "cycles," maintaining its own size, while at the same time producing IgM Z cells or PFC by cell division. This process stops in advance of the peak IgM PFC response, suggesting that further proliferation takes place in the differentiating Z population before maximum numbers of PFC are produced.
In contrast to the situation after priming with 5 X l0 s SRBC, a decrease in IgM Y cells between days 1 and 3 was not seen following blockade of mice primed with the lower antigen dose. 5 X 10 ~ SRBC resulted in a much smaller 1 ° IgM PFC response, so it seems likely that there was insufficient antigen in these animals to provoke extensive Y-cell division, possibly as a result of administered antibody. The IgM Y population was therefore maintained in size up to day 4. Reduction of available antigen by passive antibody would also account for the stability of the IgM-memory population in mice immunized with 5 X 10 ~ SRBC and suppressed on day 0.
In mice which were suppressed between days 5 and 15 after priming with either dose of SRBC, there was a gradual decline to normal levels in the capacity to give a 2 ° IgM response at 12 wk. This may have reflected the normal run down of the IgM Y population (25), a situation which could have been detected by earlier challenge and assay of the 2 ° response. Nevertheless, the data do suggest that the decline was dependent upon antigen stimulation, proliferation or both of these factors, and was thus sensitive to the effects of CP plus antibody. Although the possibility cannot be excluded, it seems unlikely that Y cells were maturing to IgM Z cells at this time, as that process was associated with an earlier period of the response. The question then arises as to whether they were switched to IgG Y cells (10) . If the IgG Y-cell compartment is normally balanced by gain from IgM Y cells and loss to IgG Z cells, and if both these events are susceptible to CP plus antibody, then the level of IgG memory in mice suppressed towards the end of the 1 ° response should be equal to that in normal-primed animals. Our findings were in agreement with this prediction.
The rapid rise and early decline in IgM memory observed in these experiments were also suggested by the previous studies of Wigzell (25) and Sercarz and Byers (9) . However, these results stand in contrast to those of Cunningham (26) , who found with an adoptive cell transfer assay that IgM memory was maintained for several months after immunization of mice with 5 X 10 ~ SRBC. It has been shown in the present study that IgM Y cells are potentially longlived, but this property is usually only realized after priming with very low doses of antigen (24, 27) . On the other hand, Cunningham (26) was unable to demonstrate IgG antibodies in his recipients of primed cells, so the apparent transcience of IgM memory in normal animals may be related to suppression of IgM synthesising (Z) cells by IgG antibody feedback (19) . This suggestion is not supported by some of our own data, for instance the presence of both IgM and IgG memory in mice primed with 5 X 10 s SRBC and suppressed at day 4.
One further point about the 2 ° IgM response is its apparent independence of any contribution by primed T cells. Transfer experiments confirmed that primed T lymphocytes were absent in mice suppressed 30 min after antigen, yet these same animals developed excellent 2 ° IgM responses. The relative T-cell independence of IgM responses is well known (27) , but it seems from these results as if IgM Y cells can maintain themselves and differentiate to Z cells entirely on their own, unless they require the cooperation of some unidentified cell.
In contrast, the expression of IgG anti-SRBC memory requires cooperation between IgG Y cells and SRBC-primed helper T cells (7) . The present studies suggested that proliferation leading to functional primed T cells was essentially complete by 3 days after antigen, and proliferation of the IgG Y-cell line by 1 day later. In view of the relative T-cell dependence of IgG synthesis (28, 29) , it is possible that T cells are also involved in the development of IgG Y cells, controlling the X to Y step of an IgG progenitor cell or the differentiation of another cell type to an IgG X or Y cell. Generation of IgG Y cells was completed by 4 days after injection of SRBC, but since it was not accompanied by a decrease in IgM memory, it is unlikely that IgG Y cells developed directly from nondividing IgM Y cells. Thus, IgG Y cells must have originated from proliferating IgM Y cells or from a population independent of those involved in the 1 ° IgM response. In view of the evidence in favour of a T cell-mediated switch from IgM to IgG synthesis in individual B cells (10, 28, 29) , the first alternative is the more appealing.
It was apparent that the generation of helper T cells required cell proliferation. This conclusion may be drawn from the observation that anti-SRBC antiserum does not prevent T-cell activation (30) , yet administration of CP and specific antibody on days 0-3 of a 1 ° response prevented the development of IgG memory. These experiments did not reveal, however, whether continued cell division was necessary for 2 ° IgG responsiveness, or whether a single pro-liferative phase on days 2-3 for T cells and 3-4 for B cells was sufficient (31, 32) . It also remains possible that only T-cell proliferation was required and that simple activation of the B-cell population by primed T lymphocytes resulted in the capacity to give a 2 ° IgG response. Because injection of CP and antibody after T-cell memory had developed (day 3) still suppressed the preparation for a 2 ° IgG response, it appears that B-cell activation for IgG synthesis required some further stimulus by antigen, either directly or by way of the help of activated T lymphocytes.
The IgG B-cell population may also follow an X-Y-Z scheme of maturation, although the exact nature of the X cell remains unknown. The view is supported by observations on the relative kinetics of IgG Y-cell generation after 5 X i08 or 5 >( 10 ~ SRBC i.p. After priming with the lower dose, maximum priming for a 2 ° response had occurred by 4 days, while after the higher dose it took 7 days. The higher antigen dose may have driven a greater number of IgG Y cells to Z cells, a possibility supported by observations on the 1 ° response which showed that IgG PFC appeared contemporaneously with IgG Y cells at 4 days. This would account for the delay in the accumulation of maximum Y-cell numbers after the higher dose.
After generation of the IgG Y-cell compartment, this cell population was apparently maintained at full potential during the later stages of the normal 1 ° response, in contrast to IgM Y cells at that time. The data tend to imply that the IgG Y population was static, although it remains possible that some cells continued to become involved in the 1 ° response. In that case they may have been replaced by a cycling of the IgG Y-cell population too slow to be noticeably susceptible to CP, or by switching of IgM to IgG Y cells as previously discussed.
The early development of memory reported here agrees with the observations of other workers who have studied the 2 ° humoral or cellular responses to erythrocyte antigens (2, 9, 25, 26) . In contrast to these results is the length of time taken for memory to develop to some protein antigens (1, 4) . It remains to be determined what properties of an antigen dictate the period over which it will continue to stimulate memory cells. The development of IgM and IgG memory to SRBC occurred at different times, and generation of IgG Y cells in particular may be linked to the presence of primed T cells. Our results tend to emphasize the close relationship between 1 ° and 2 ° IgM and IgG responses which is implied by the X-Y-Z scheme, and by the observations of Pernis and his colleagues (10) . They also demonstrate that the generation of Y cells is an integral part of the 1 ° immune response to SRBC, and that it is a matter of chance and the availability of antigen whether further differentiation to the Zcell stage follows immediately, or after some future exposure to antigen.
SUMMARY
The kinetics of the generation of primed IgM and IgG antibody-forming cell precursors, and of helper T-cell populations, were analyzed in mice whose pri-mary responses to high and low doses of SRBC were arrestedat intervals by the immunosuppressive agents cyclophosphamide monohydrate and specific antibody. The extent to which immunological memory was established in these animals before blockade of the primary response was assessed by the hemolytic plaque assay following challenge 12 wk after priming. The presence of IgG Bmemory cells and T-memory cells in suppressed mice was further investigated by the transfer into these animals of syngeneic SRBC-stimulated thymocytes or anti-0-treated spleen cells.
It was found that the progenitors of secondary IgM-synthesizing cells were primed almost immediately after injection of antigen, and that early blockade of the primary response resulted in a raised IgM response after challenge. On the other hand, priming for a secondary IgG response took at least 4 days, and was dose-dependent, although helper T populations for a secondary IgG response appeared 3 days after antigen injection. It appeared that both IgM and IgG memory cells may be considered as Y cells in terms of the X-Y-Z scheme of lymphocyte activation, but that the two populations are generated at different times after exposure to antigen. The size of either Y-cell population at any given time is dependent upon the amount of antigen available to provoke differentiation to antibody-forming Z cells, and the IgM Y-cell population in particular is likely to be depleted during the course of a normal 1 ° response. When IgM Y cells were maintained for long periods as a result of immunosuppression, their secondary antibody response was independent of the primed T cells necessary for a secondary IgG response.
